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COIL UNIT, CONTACTLESS POWER 
TRANSFERAPPARATUS, VEHICLE, AND 

CONTACTLESS POWER FEEDING SYSTEM 

TECHNICAL FIELD 

The present invention relates to a coil unit, a contactless 
power transfer apparatus, a vehicle, and a contactless power 
feeding system. 

BACKGROUND ART 

Conventionally, a coil unit is utilized for a magnetic reso 
nance imaging apparatus, as also described in Japanese Patent 
Laying-Open Nos. 2003-795.97 and 2008-67807. In recent 
years, as there has been a growing concern about environ 
ment, electric Vehicles and hybrid vehicles are attracting 
attention, and a method using a coil unit to charge power 
through electromagnetic induction, resonance and the like is 
attracting attention as a method for contactlessly charging an 
in-vehicle battery from external power supply. 

For example, Japanese Patent Laying-Open No. 7-67270 
describes a contactless power feeding apparatus that includes 
a primary coil buried in the ground and a secondary coil 
mounted in a vehicle and utilizes an induced current gener 
ated in the secondary coil to charge a battery mounted in the 
vehicle. 

Japanese Patent Laying-Open No. 2010-73976 describes a 
wireless power transfer apparatus that includes a power 
receiving device mounted in an electric Vehicle and a power 
feeding device, and the power feeding device includes a com 
munication coil for transmitting power and the power receiv 
ing device includes a communication coil for receiving 
power. The communication coil for transmitting power 
includes a primary coil and a resonant coil, and the commu 
nication coil for receiving power includes a primary coil and 
a resonant coil. The communication coil for transmitting 
power and the communication coil for receiving power trans 
fer power wirelessly in a resonant power transmission 
method. 

CITATION LIST 

Patent Documents 

PTD 1: Japanese Patent Laying-Open No. 2003-79597 
PTD 2: Japanese Patent Laying-Open No. 2008-67807 
PTD 3: Japanese Patent Laying-Open No. 07-67270 
PTD 4: Japanese Patent Laying-Open No. 2010-73976 

SUMMARY OF INVENTION 

Technical Problem 

Electromagnetically inductive, contactless power transfer 
allows a primary coil and a secondary coil to transfer power 
therebetween over only a limited, Small distance, and accord 
ingly, the primary coil and the secondary coil must be dis 
posed adjacently. Accordingly, this power transfer system is 
unsuitable if it is necessary to transmit and receive power over 
a distance of some extent. On the other hand, Japanese Patent 
Laying-Open No. 2010-73976 describes a wireless power 
transfer apparatus that adopts a resonant power transmission 
method and can transmit and receive power over a larger 
distance than through an electromagnetic induction method. 

However, the powertransfer apparatus that adopts the reso 
nant power transmission method also transmits and receives 
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2 
power significantly inefficiently when a power transmitting 
resonant coil and a power receiving resonant coil are mis 
aligned. 
The present invention has been made in view of the above 

issue, and it contemplates a coil unit including a resonant coil 
capable of at least one of transmitting power and receiving 
power through electromagnetic resonance, a contactless 
power transfer apparatus, a vehicle, and a contactless power 
feeding system, that can prevent decrease of power transmis 
sion efficiency or power reception efficiency even if the reso 
nant coil is misaligned with a counterpart resonant coil. 

Solution to Problem 

According to the present invention a coil unit includes a 
second self-resonant coil electromagnetically resonating 
with a spaced, first self-resonant coil to performat least one of 
transmitting power to the first self-resonant coil and receiving 
power from the first self-resonant coil. The second self-reso 
nant coil includes a first coil and a plurality of second coils 
provided inside the first coil. The direction of a magnetic field 
formed by the first coil is the same as the direction of mag 
netic fields formed by the second coils. Preferably, the second 
coils are mutually spaced. Preferably, the first coil and the 
second coils are provided as a single-turn coil. 

Preferably, the second coils are inscribed in an inner cir 
cumferential portion of the first coil. Preferably the second 
self-resonant coil is formed of a single conducting wire. 

Preferably, the second self-resonant coil is formed annu 
larly with a centerline serving as a center. The coil unit further 
includes an electromagnetic induction coil spaced from the 
second self-resonant coil along the centerline. The second 
self-resonant coil includes a crossover that connects the first 
coil and the second coil together. The crossover is bent to 
project toward the electromagnetic induction coil and thus 
cross over a portion of the second self-resonant coil. The 
electromagnetic induction coil includes a bent portion bent 
along the crossover to have a fixed distance to the second 
self-resonant coil. 

Preferably, the second self-resonant coil is formed annu 
larly with a centerline serving as a center. The coil unit further 
includes an electromagnetic induction coil spaced from the 
second self-resonant coil along the centerline. The second 
self-resonant coil includes a crossover that connects the first 
coil and the second coil together. The crossover is bent to 
project in the direction opposite to the electromagnetic induc 
tion coil and thus cross over a portion of the second self 
resonant coil. 

Preferably, the second self-resonant coil is formed annu 
larly with a centerline serving as a center. When the second 
self-resonant coil and the electromagnetic induction coil are 
seen along the centerline, the electromagnetic induction coil 
and the first coil overlap each other. A contactless power 
transfer apparatus according to the present invention includes 
the above described coil unit. A vehicle according to the 
present invention includes the above described coil unit and a 
power storage device to store power. 
A contactless power feeding system according to the 

present invention includes: a first coil unit including a first 
self-resonant coil; and a second coil unit including a second 
self-resonant coil electromagnetically resonating with the 
first self-resonant coil to perform at least one of transmitting 
power and receiving power. 
The first self-resonant coil includes a first coil and a plu 

rality of second coils provided inside the first coil. The second 
self-resonant coil includes a third coil and a plurality of fourth 
coils provided inside the third coil. The direction of a mag 
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netic field formed by the first coil is the same as the direction 
of magnetic fields formed by the second coils, and the direc 
tion of a magnetic field formed by the third coil is the same as 
the direction of magnetic fields formed by the fourth coils. 

Advantageous Effects of Invention 

The coil unit, contactless power transfer apparatus, 
vehicle, and contactless power feeding system according to 
the present invention, keep high power transmission effi 
ciency and high power reception efficiency even if resonant 
coils are misaligned. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is an overall view of a basic configuration of a 
contactless power feeding system. 

FIG. 2 is a diagram for illustrating a principle of power 
transfer using a resonant power transmission method. 

FIG. 3 is a graph for illustrating a relationship between a 
distance from a current source (a magnetic current source) 
and electromagnetic field intensity. 

FIG. 4 is a perspective view schematically showing a coil 
unit 101 mounted in a vehicle. 

FIG. 5 is a plan view of a secondary resonant coil 110 and 
a secondary electromagnetic induction coil 120 as seen in a 
direction V shown in FIG. 4. 

FIG. 6 is an exploded view for specifically illustrating 
secondary resonant coil 110, when secondary resonant coil 
110 is cut for each constituent of secondary resonant coil 110. 

FIG. 7 is a perspective view of a crossover 116 and a 
vicinity thereof in configuration. 

FIG. 8 is a side view partially showing secondary resonant 
coil 110 and secondary electromagnetic induction coil 120. 

FIG. 9 schematically shows secondary resonant coil 110 
with a current passing therethrough. 

FIG. 10 schematically shows secondary resonant coil 110 
with a current of a resonant frequency passing therethrough. 

FIG. 11 is a schematic perspective view of a coil unit 201. 
FIG. 12 is a plan view of a primary electromagnetic induc 

tion coil 230 and a primary resonant coil 240 as seen in a 
direction XII shown in FIG. 11. 

FIG. 13 is a diagram schematically showing a region of a 
near field formed around primary resonant coil 240, that has 
large intensity. 

FIG. 14 is a schematic diagram showing a relative, posi 
tional relationship between secondary resonant coil 110 and 
primary resonant coil 240 in charging a power storage device 
150 mounted in a vehicle 100. 

FIG. 15 is a plan view showing a positional relationship 
between secondary resonant coil 110 and a near field NF2 in 
the state where secondary resonant coil 110 and primary 
resonant coil 240 are vertically aligned. 

FIG.16 is a plan view showing secondary resonant coil 110 
positionally offset from a position thereof shown in FIG. 15. 

FIG. 17 is a perspective view showing a first exemplary 
variation of coil unit 101. 

FIG. 18 is a perspective view showing a first exemplary 
variation of coil unit 201. 

FIG. 19 is a plan view schematically showing secondary 
resonant coil 110 and vehicle 100. 

FIG. 20 is a plan view schematically showing secondary 
resonant coil 110 and vehicle 100. 

FIG. 21 is a plan view showing an exemplary variation of 
secondary resonant coil 110. 

DESCRIPTION OF EMBODIMENTS 

Hereinafter, the present invention will more specifically be 
described in embodiment with reference to the drawings. 
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4 
Note that identical or corresponding components are identi 
cally denoted and will not be described repeatedly. 

FIG. 1 is an overall view of a basic configuration of a 
contactless power feeding system. With reference to FIG. 1, 
the contactless power feeding system includes a vehicle 100 
that functions as a power receiving device, and a power feed 
ing device 200. 

Vehicle 100 includes a coil unit 101, a rectifier 130, a 
DC/DC converter 140, a power storage device 150, a power 
control unit (PCU) 160, a motor 170, and a vehicular elec 
tronic control unit (ECU) 180. 

Note that vehicle 100 is not limited in configuration to that 
of FIG. 1 as long as it is a vehicle driven by a motor. For 
example, vehicle 100 includes a hybrid vehicle including a 
motor and an internal combustion engine, a fuel cell powered 
vehicle including a fuel cell, an electric vehicle, and the like. 

Coil unit 101 includes a secondary resonant coil 110 and a 
secondary electromagnetic induction coil 120. Secondary 
resonant coil 110 is provided for example at a lower portion of 
the vehicular body. Secondary resonant coil 110 is an LC 
resonator and resonates with a primary resonant coil 240 of a 
coil unit 201 that is provided in power feeding device 200 via 
an electromagnetic field to perform at least one of receiving 
power from power feeding device 200 and transmitting power 
to power feeding device 200. Note that secondary resonant 
coil 110 may have a capacitive component with a capacitor 
provided thereto to obtain a prescribed capacitance, or sec 
ondary resonant coil 110 may dispense with a capacitor if the 
coils parasitic capacitance can accommodate it. 

Secondary resonant coil 110 is formed so as to increase a Q 
value indicating resonance strength between primary reso 
nant coil 240 of power feeding device 200 and secondary 
resonant coil 110 (Q-100, for example), Kindicating a degree 
of coupling therebetween, and the like, based on a distance 
between secondary resonant coil 110 and primary resonant 
coil 240, a resonance frequency of primary resonant coil 240 
and secondary resonant coil 110, and the like. 

Secondary electromagnetic induction coil 120 is provided 
to be coaxial with secondary resonant coil 110 and can be 
magnetically coupled with secondary resonant coil 110 
through electromagnetic induction. Secondary electromag 
netic induction coil 120 retrieves power that is received by 
secondary resonant coil 110 through electromagnetic induc 
tion, and secondary electromagnetic induction coil 120 out 
puts the retrieved power to rectifier 130. 

Rectifier 130 receives an AC power that has been retrieved 
by secondary electromagnetic induction coil 120, and recti 
fier 130 rectifies the received power and outputs DC power to 
DC/DC converter 140. DC/DC converter 140 receives the 
rectified power from rectifier 130, converts the received 
power to have a voltage level of power storage device 150, 
based on a control signal issued from vehicular ECU 180, and 
outputs the converted power to power storage device 150. 
When the vehicle is traveling, and in that condition it receives 
power from power feeding device 200, DC/DC converter 140 
may convert the power rectified by rectifier 130 into a system 
voltage and supply it to PCU 160 directly. DC/DC convert 
140 is not indispensable, and the AC power retrieved by 
secondary electromagnetic induction coil 120 and rectified by 
rectifier 130 may directly be provided to power storage device 
150. 
Power storage device 150 is a rechargeable DC power 

Supply and configured including a lithium-ion battery or 
nickel metal hydride battery or similar rechargeable battery. 
Power storage device 150 stores therein power supplied from 
DC/DC converter 140 and in addition thereto regenerative 
power generated by motor 170. Then, power storage device 
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150 supplies the stored power to PCU 160. Power storage 
device 150 may be provided in the form of a capacitor of large 
capacity and may be any power buffer that can temporarily 
store therein the power supplied from power feeding device 
200 and the regenerative power generated by motor 170 and 
supply the stored power to PCU 160. 
PCU 160 drives motor 170 by power output from power 

storage device 150 or power directly supplied from DC/DC 
converter 140. Furthermore, PCU 160 converts the regenera 
tive (AC) power that is generated by motor 170 into DC 
power, and PCU 160 outputs the DC power to power storage 
device 150 to charge power storage device 150 therewith. 
Motor 170 is driven by PCU 160 to generate driving force for 
causing the vehicle to travel, and output the driving force to a 
driving wheel. Motor 170 generates power by kinetic energy 
received from a driving wheel and an engine (not shown) for 
a hybrid vehicle, and outputs the generated regenerative 
power to PCU 160. 

Although not shown in FIG. 1, vehicular ECU 180 includes 
a central processing unit (CPU), a storage device and an 
input/output buffer, and receives a signal from each sensor 
and outputs a control signal to each device and also controls 
vehicle 100 and each device. Note that such control may not 
be processed by software, and may be processed by dedicated 
hardware (or electronic circuitry). Note that while in FIG. 1 
vehicular ECU 180 is configured to control both traveling of 
vehicle 100 and receiving power from power feeding device 
200, the control device is not limited thereto in configuration. 
In other words, vehicle 100 may be configured to include a 
control device corresponding to each device or function indi 
vidually. For example, it may be configured to include a 
power receiving ECU provided mainly for controlling receiv 
ing power. 

Vehicular ECU 180 controls DC/DC converter 140 when 
vehicle 100 is fed with power from power feeding device 200. 
For example, vehicular ECU 180 controls DC/DC converter 
140 to control voltage between rectifier 130 and DC/DC 
converter 140 to a prescribed target voltage. Furthermore, 
when the vehicle is traveling, vehicular ECU 180 controls 
PCU 160, based on how the vehicle currently travels, the state 
of charge (SOC) of power storage device 150, and the like. 

Power feeding device 200 includes an AC power supply 
210, a high frequency power driver 220, and coil unit 201. 
Coil unit 201 includes a primary electromagnetic induction 
coil 230 and a primary resonant coil 240. 
AC power supply 210 is a power supply external to the 

vehicle, and it is a commercial power Supply for example. 
High frequency power driver 220 receives power from AC 
power supply 210, converts the received power into high 
frequency power, and Supplies the high frequency power to 
primary electromagnetic induction coil 230. High frequency 
power driver 220 generates high frequency power having a 
frequency for example of 1 MHz to several tens MHz. 

Primary electromagnetic induction coil 230 is provided to 
be coaxial with primary resonant coil 240, and can be mag 
netically coupled with primary resonant coil 240 through 
electromagnetic induction. Primary electromagnetic induc 
tion coil 230 receives the high frequency power supplied from 
high frequency power driver 220 and feeds the received 
power to primary resonant coil 240 through electromagnetic 
induction. 

Primary resonant coil 240 is provided for example near the 
ground. As well as secondary resonant coil 110, primary 
resonant coil 240 is also an LC resonator resonating with 
secondary resonant coil 110 of vehicle 100 via an electromag 
netic field to transmit or receive power to or from vehicle 100. 
Note that primary resonant coil 240 may have a capacitive 
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component with a capacitor provided thereto to obtain a pre 
scribed capacitance, or primary resonant coil 240 may dis 
pense with a capacitor if the coils parasitic capacitance can 
accommodate it. 

Primary resonant coil 240 is also formed so as to increase 
the Q value (Qs>100 for example), coupling degree K and the 
like, based on a distance between primary resonant coil 240 
and secondary resonant coil 110 of vehicle 100, a resonance 
frequency of primary resonant coil 240 and secondary reso 
nant coil 110, and the like. 

FIG. 2 is a diagram for illustrating a principle of power 
transfer through resonance. With reference to FIG. 2, this 
methodology allows two LC resonators having equal eigen 
frequencies, respectively, to resonate with each other in an 
electromagnetic field (a near field), as two tuning forks do, to 
transfer power from one coil to the other coil via the electro 
magnetic field. 
More specifically, a primary electromagnetic induction 

coil 320 is connected to a high frequency power supply 310 
and a primary resonant coil 330 magnetically coupled with 
primary electromagnetic induction coil 320 through electro 
magnetic induction is fed with power having a high frequency 
of 1 MHz to several tens MHz. Primary resonant coil 330 is an 
LC resonator constructed of its own inductance and parasitic 
capacitance (including a capacitor's capacitance if the 
capacitor is connected to the coil) and resonates with a sec 
ondary resonant coil 340 having the same resonance fre 
quency as primary resonant coil 330 via an electromagnetic 
field (a near field). As a result, energy (or power) is transferred 
from primary resonant coil 330 to secondary resonant coil 
340 via the electromagnetic field. Secondary resonant coil 
340 receives the energy (or power), which is in turn retrieved 
by a secondary electromagnetic induction coil 350 magneti 
cally coupled with secondary resonant coil 340 through elec 
tromagnetic induction and is supplied to a load 360. Note that 
power transfer through resonance is implemented when pri 
mary resonant coil 330 and secondary resonant coil 340 have 
resonance strength indicated by a Q value for example larger 
than 100. 

Describing a correspondence between FIGS. 1 and 2, AC 
power supply 210 and high frequency power driver 220 illus 
trated in FIG. 1 correspond to high frequency power Supply 
310 illustrated in FIG. 2. Further, primary electromagnetic 
induction coil 230 and primary resonant coil 240 illustrated in 
FIG. 1 respectively correspond to primary electromagnetic 
induction coil 320 and primary resonant coil 330 illustrated in 
FIG. 2, and secondary resonant coil 110 and secondary elec 
tromagnetic induction coil 120 illustrated in FIG. 1 respec 
tively correspond to secondary resonant coil 340 and second 
ary electromagnetic induction coil 350 illustrated in FIG. 2. 
Those components from rectifier 130 et seq. up to motor 170 
illustrated in FIG. 1 are collectively illustrated as load 360. 

FIG. 3 is a graph for illustrating a relationship between a 
distance from a current source (a magnetic current source) 
and electromagnetic field intensity. Referring to FIG. 3, an 
electromagnetic field includes three components. A curve k1 
is a component in inverse proportion to a distance from a wave 
Source, generally referred to as “radiation electromagnetic 
field'. A curve k2 is a component in inverse proportion to the 
square of the distance from the wave source, generally 
referred to as “induction electromagnetic field'. A curve k3 is 
a component in inverse proportion to the cube of the distance 
from the wave source, generally referred to as “static electro 
magnetic field'. 
A static electromagnetic field is a region in which an elec 

tromagnetic field steeply decreases in intensity as a function 
of the distance from the wave source and the resonance meth 
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odology utilizes a near field dominated by the static electro 
magnetic field, or an evanescent field, to transfer energy (or 
power). More specifically, a pair of resonators having equal 
eigenfrequencies, respectively, (a pair of LC resonators for 
example) is resonated in the near field dominated by the static 
electromagnetic field to transfer energy (or power) from one 
of the resonators (a primary resonant coil) to the other reso 
nator (a secondary resonant coil). The static electromagnetic 
field does not propagate energy over a long distance, and the 
resonance methodology can transfer power with less energy 
loss than an electromagnetic field transferring energy (or 
power) by a radiation electromagnetic field transferring 
energy over a long distance. 

FIG. 4 is a perspective view schematically showing coil 
unit 101 mounted in the vehicle. As shown in FIG.4, coil unit 
101 includes secondary resonant coil 110 and secondary elec 
tromagnetic induction coil 120. 

FIG. 5 is a plan view of secondary resonant coil 110 and 
secondary electromagnetic induction coil 120 as seen in a 
direction V shown in FIG. 4. Note that in FIG. 5 secondary 
electromagnetic induction coil 120 is indicated by a dashed 
line. As shown in FIG. 5 and FIG.4, secondary resonant coil 
110 is disposed under secondary electromagnetic induction 
coil 120. Secondary resonant coil 110 includes a larger-diam 
eter coil 115 formed to extend with a centerline O1 serving as 
a center, a plurality of smaller-diameter coils 111, 112, 113, 
114 provided in larger-diameter coil 115, and a plurality of 
crossovers 116, 117, 118, 119. 

Larger-diameter coil 115 and secondary electromagnetic 
induction coil 120 overlap each other when they are seen in a 
direction as seen from a position on centerline O1 toward the 
center point of larger-diameter coil 115. 

In other words, larger-diameter coil 115 and secondary 
electromagnetic induction coil 120 are formed each along the 
other. 

Note that secondary resonant coil 110 and secondary elec 
tromagnetic induction coil 120 pass a current therebetween 
through electromagnetic induction. 
When larger-diameter coil 115 and secondary electromag 

netic induction coil 120 that are positioned to overlap each 
other pass a current therebetween a current passing through 
secondary resonant coil 110 causes magnetic lines of force, 
most of which will pass through secondary electromagnetic 
induction coil 120 and thus cause large electromotive force in 
secondary electromagnetic induction coil 120. Thus second 
ary resonant coil 110 and secondary electromagnetic induc 
tion coil 120 can pass a current therebetween satisfactorily. 

Smaller-diameter coils 111, 112, 113, 114 are provided 
along a circumference of larger-diameter coil 115 and mutu 
ally spaced. Smaller-diameter coils 111, 112, 113, 114 are 
disposed annularly with centerline O1 serving as a center, and 
smaller-diameter coils 111, 112,113, 114 are inscribed in an 
inner circumferential portion of larger-diameter coil 115. 
This ensures that smaller-diameter coils 111, 112, 113, 114 
can each have a large diameter allowing power reception and 
transmission to be done more efficiently. 

Secondary resonant coil 110 is formed of a single conduct 
ing wire, and larger-diameter coil 115. Smaller-diameter coils 
111, 112, 113, 114 and crossovers 116, 117, 118, 119 are 
formed of a single conducting wire in one piece. 

Secondary resonant coil 110 formed of a single conducting 
wire allows secondary electromagnetic induction coil 120 
transmitting/receiving power to/from secondary resonant coil 
110 to be provided as a single coil, which can contribute to a 
reduced number of components. Note that larger-diameter 
coil 115 and smaller-diameter coils 111, 112, 113, 114 are 
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8 
provided in the form of a single-turn coil, and secondary 
resonant coil 110 is thus compact. 

FIG. 6 is an exploded view for specifically illustrating 
secondary resonant coil 110, as exploded when secondary 
resonant coil 110 is cut for each constituent of secondary 
resonant coil 110. 
As shown in FIG. 6, larger-diameter coil 115 includes a 

plurality of arcuate portions 115a-115d. Each arcuate portion 
115a-115a is formed to extend arcuately with centerline O1 
shown in FIGS. 4 and 5 serving as a center. 
Note that larger-diameter coil 115 is not limited to be 

circular in geometry, and it may be square, polygonal, ellip 
tical and other various forms. 

Smaller-diameter coils 111, 112, 113, 114 are also gener 
ally circular; however, they are not so limited and may be 
square, polygonal, elliptical and other various forms. Note 
that smaller-diameter coils 111, 112, 113, 114 each have a 
centerline away from centerline O1 and aligned with center 
line O1 serving as a center. 

Crossovers 116, 117, 118, 119 connect smaller-diameter 
coils 111, 112, 113, 114 and arcuate portions 115a, 115b, 
115c, 115d. 

Crossover 116 connects one end of arcuate portion 115a 
and one end of smaller-diametercoil 111, and the other end of 
arcuate portion 115a is connected to one end of smaller 
diameter coil 112. 

Crossover 117 connects the other end of smaller-diameter 
coil 112 and one end of arcuate portion 115b, and the other 
end of arcuate portion 115b is connected to one end of 
smaller-diameter coil 113. Crossover 118 connects the other 
end of smaller-diameter coil 113 and one end of arcuate 
portion 115c, and the other end of arcuate portion 115c is 
connected to one end of smaller-diameter coil 114. Crossover 
119 connects the other end of smaller-diameter coil 114 and 
one end of arcuate portion 115d. The other end of arcuate 
portion 115d is connected to the other end of smaller-diam 
eter coil 111. 

Note that although FIG. 6 shows secondary resonant coil 
110 exploded for a convenient purpose for the sake of illus 
tration, secondary resonant coil 110 is formed of a single 
conducting wire. 

FIG. 7 is a perspective view of crossover 116 and a vicinity 
thereof in configuration. As shown in FIG. 4 and FIG. 7, 
crossover 116 is formed to cross over a portion of secondary 
resonant coil 110, or smaller-diameter coil 111. 

Crossover 116 is bent to project toward secondary electro 
magnetic induction coil 120. Note that other crossovers 117. 
118, 119 are also formed to be similar to secondary electro 
magnetic induction coil 120, and they are each formed to 
cross over a portion of secondary resonant coil 110. 

Crossover 116, 117, 118, 119 and a portion of secondary 
resonant coil 110 are spaced by a distance L2 set for example 
to be larger than the diameter of the conducting wire that 
configures secondary resonant coil 110 to minimize/prevent 
electric discharge caused between crossovers 116, 117, 118, 
119 and secondary resonant coil 110. 

FIG. 8 is a side view partially showing secondary resonant 
coil 110 and secondary electromagnetic induction coil 120. 
As shown in FIG. 8, secondary electromagnetic induction coil 
120 includes a bent portion 121 extending along crossover 
116. 

Crossover 116 is bent so that a distance L1 between bent 
portion 121 and crossover 116 is equal to a distance between 
a portion of secondary electromagnetic induction coil 120 
other than bent portion 121 and secondary resonant coil 110. 
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As shown in FIG. 4, secondary electromagnetic induction 
coil 120 includes bent portions 122, 123,124 extending along 
crossovers 117, 118, 119 of secondary resonant coil 110. 

Thus, secondary electromagnetic induction coil 120 and 
secondary resonant coil 110 are formed to have distance L1 
therebetween that is fixed along their respective, entire cir 
cumferences. 

If secondary resonant coil 110 and secondary electromag 
netic induction coil 120 that do not have a portion with a 
reduced distance therebetween have a current of high voltage 
passing therethrough, electric discharge can be prevented 
between secondary resonant coil 110 and secondary electro 
magnetic induction coil 120. 

Furthermore, secondary electromagnetic induction coil 
120 and secondary resonant coil 110 spaced by a fixed dis 
tance allow satisfactory electromotive force to be generated in 
secondary electromagnetic induction coil 120, and allow sec 
ondary resonant coil 110 and secondary electromagnetic 
induction coil 120 to pass power therebetween satisfactorily. 

FIG. 9 schematically shows secondary resonant coil 110 
with a current passing therethrough. As shown in FIG. 9. 
when a current passing through secondary resonant coil 110. 
larger-diameter coil 115 passes a current in a direction D0. 
Smaller-diameter coils 111, 112, 113, 114 pass a current in 
directions D1, D2, D3, D4. 
When larger-diameter coil 115 and smaller-diameter coils 

111, 112, 113, 114 pass a current in the above indicated 
directions, larger-diameter coil 115 and smaller-diameter 
coils 111, 112, 113, 114 generate magnetic fields. Note that 
larger-diameter coil 115 and smaller-diameter coils 111,112, 
113, 114 are wound so as to generate the magnetic fields all in 
the same direction. 

Then, by passing a current of a prescribed resonant fre 
quency through secondary resonant coil 110, a near field is 
formed around secondary resonant coil 110. 

FIG. 10 schematically shows secondary resonant coil 110 
with a current of a resonant frequency passing therethrough. 
By passing a current of a resonant frequency through second 
ary resonant coil 110, a near field NF1 is formed around 
secondary resonant coil 110. 

FIG. 10 schematically shows a region of the near field 
formed around secondary resonant coil 110, that has large 
intensity. 

Around larger-diameter coil 115 is formed a unit near field 
UNF0, and around smaller-diameter coils 111, 112,113, 114 
are formed unit near fields UNF1, UNF2, UNF3, UNF4. 
Smaller-diameter coils 111, 112, 113, 114 are mutually 
spaced. If smaller-diameter coils 111, 112, 113, 114 should 
have an overlapping portion, a near field would not be gen 
erated satisfactorily at the overlapping portion, resulting in 
decreasing of power receiving efficiency and power transmit 
ting efficiency between primary electromagnetic induction 
coil 230 and secondary resonant coil 110. 

Accordingly, in the present embodiment, Smaller-diameter 
coils 111, 112, 113, 114 are mutually spaced for efficient 
power reception. 

FIG.11 is a schematic perspective view of coil unit 201 and 
FIG. 12 is a plan view of primary electromagnetic induction 
coil 230 and primary resonant coil 240 as seen in a direction 
XII shown in FIG. 11. 
As shown in FIG. 11 and FIG. 12, coil unit 201 includes 

primary resonant coil 240 and primary electromagnetic 
induction coil 230 disposed under primary resonant coil 240. 

Primary resonant coil 240 is substantially identical in 
geometry to secondary resonant coil 110. Primary resonant 
coil 240 includes a larger-diameter coil 245, a plurality of 
smaller-diameter coils 241, 242, 243, 244 provided inside 
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10 
larger-diameter coil 245, and crossovers 246, 247, 248, 249 
connecting larger-diameter coil 245 and each Smaller-diam 
eter coil 241, 242, 243, 244. 

Note that, as well as secondary resonant coil 110, primary 
resonant coil 240 is also formed of a single conducting wire. 
This allows primary electromagnetic induction coil 230 or the 
like transmitting/receiving power to/from primary resonant 
coil 240 to be provided as a single coil, which can contribute 
to simplifying the apparatus. 

Primary electromagnetic induction coil 230 is formed to 
overlap larger-diameter coil 245 when in FIG. 11 primary 
resonant coil 240 and primary electromagnetic induction coil 
230 are seen in a direction as seen from a point on a centerline 
O2 toward the centerpoint of primary resonant coil 240. Thus 
primary resonant coil 240 and primary electromagnetic 
induction coil 230 can pass power therebetween satisfacto 
rily. 

In FIG. 11, larger-diameter coil 245 includes arcuate por 
tions 245a, 245b, 245c. 245d extending with centerline O2 
serving as a center, and crossovers 246,247. 248,249 connect 
arcuate portions 245a, 245b, 245c, 245d and smaller-diam 
eter coils 241, 242, 243, 244. 
The FIG. 11 example also provides crossover 246, 247, 

248, 249 formed to cross over a portion of primary resonant 
coil 240 and bent to project toward primary electromagnetic 
induction coil 230. 

Primary electromagnetic induction coil 230 includes bent 
portions 231, 232, 233, 234 bent to match crossovers 246, 
247, 248, 249 in geometry to reduce/prevent electric dis 
charge caused between primary electromagnetic induction 
coil 230 and primary resonant coil 240. 

Furthermore, primary electromagnetic induction coil 230 
and primary resonant coil 240 spaced by a fixed distance 
allow satisfactory electromotive force to be generated in pri 
mary electromagnetic induction coil 230 and primary elec 
tromagnetic induction coil 230 and primary resonant coil 240 
to pass power therebetween more efficiently. 

In FIG. 12, when larger-diameter coil 245 passes a current 
in a direction D10, Smaller-diameter coils 241, 242, 243,244 
pass a current in directions D11, D12, D13, and D14. Accord 
ingly, larger-diameter coil 245 and each Smaller-diameter coil 
241, 242, 243, 244 form magnetic fields, respectively, in the 
same direction. 

Then, by passing a current of a resonant frequency through 
primary resonant coil 240, a near field NF2 is formed around 
primary resonant coil 240, as shown in FIG. 13. Note that 
FIG. 13 is a diagram Schematically showing a region of a near 
field formed around primary resonant coil 240, that has large 
intensity. 
As shown in FIG. 13, near field NF2 includes a unit near 

field UNF10 formed around larger-diameter coil 245, and 
unit near fields UNF11, UNF12, UNF13, UNF14 formed 
around smaller-diameter coils 241, 242, 243, 244. 
When power storage device 150 mounted in vehicle 100 is 

charged, secondary resonant coil 110 is positioned over pri 
mary resonant coil 240, as shown in FIG. 14. 

Then, a high frequency current of a resonant frequency 
passes through primary resonant coil 240. Then, as shown in 
FIG. 13, near field NF2 is formed around primary resonant 
coil 240. 

FIG. 15 is a plan view showing a positional relationship 
between secondary resonant coil 110 and near field NF2 with 
secondary resonant coil 110 and primary resonant coil 240 
Vertically aligned. 

In the FIG. 15 state, secondary resonant coil 110 is located 
in near field NF2, and satisfactory power is transmitted from 
primary resonant coil 240 to secondary resonant coil 110. 
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FIG.16 is a plan view showing secondary resonant coil 110 
positionally offset from a position thereof shown in FIG. 15. 

In FIG. 16, with reference to FIG. 15, secondary resonant 
coil 110 is positionally offset from its optimum position. On 
the other hand, as seen in a plane, secondary resonant coil 110 
intersects near field NF2 at a large number of locations 
because of including a plurality of Smaller-diameter coils 
111, 112,113, 114. Accordingly, as shown in FIG.16, even if 
secondary resonant coil 110 is positionally offset, secondary 
resonant coil 110 can receive power from primary resonant 
coil 240, and decreasing power transmitting efficiency is pre 
vented. 

Furthermore, a plurality of smaller-diameter coils 111, 
112, 113, 114 are disposed inside larger-diameter coil 115, 
which prevents secondary resonant coil 110 perse from being 
increased in size. 

FIG. 17 is a perspective view showing a first exemplary 
variation of coil unit 101 and FIG. 18 is a perspective view 
showing a first exemplary variation of coil unit 201. The FIG. 
17 example provides crossovers 116, 117, 118, 119 bent to 
project to face away from secondary electromagnetic induc 
tion coil 120 with secondary resonant coil 110 therebetween 
and thus each cross over a portion of secondary resonant coil 
110. On the other hand, secondary electromagnetic induction 
coil 120 does not have bent portions 121, 122, 123, 124 as 
shown in FIG. 4 or the like, and is thus simple in geometry. 

Similarly the FIG. 18 example also provides crossovers 
246, 247, 248,249 bent to project to face away from primary 
electromagnetic induction coil 230 with primary resonant 
coil 240 therebetween and thus each cross over a portion of 
primary resonant coil 240. Primary electromagnetic induc 
tion coil 230 does not have bent portions 231, 232,233,234 
as shown in FIG. 11, and is thus simple in geometry. 

FIG. 19 is a plan view schematically showing secondary 
resonant coil 110 and vehicle 100. In the FIG. 19 example, 
smaller-diameter coil 111 and smaller-diameter coil 113 are 
disposed in a fore-aft direction of the vehicle, and smaller 
diameter coil 112 and smaller-diameter coil 114 are disposed 
in a widthwise direction of vehicle 100. In the FIG. 20 
example, a centerline O3 represents a centerline passing 
through a center portion of vehicle 100 across its width and 
extending in a fore-aft direction of vehicle 100. Smaller 
diameter coil 111 and smaller-diameter coil 112 are disposed 
in a widthwise direction of vehicle 100 to sandwich centerline 
O3. Smaller-diameter coil 113 and smaller-diameter coil 114 
are also disposed in a widthwise direction of vehicle 100 to 
sandwich centerline O3. Note that smaller-diameter coil 112 
and smaller-diameter coil 113 are disposed in a fore-aft direc 
tion of vehicle 100, and smaller-diameter coil 111 and 
smaller-diameter coil 114 are also disposed in a fore-aft direc 
tion of vehicle 100. Thus, secondary resonant coil 110 can be 
mounted in various arrangements. 

Note that while the FIGS. 1-20 examples provide second 
ary resonant coil 110 formed of a single conducting wire, 
larger-diameter coil 115, and smaller-diameter coil 111, 
smaller-diameter coil 112, Smaller-diameter coil 113 and 
smaller-diameter coil 114 may each be formed of a separate 
conducting wire, as shown in FIG. 21. 

Furthermore, while four smaller-diameter coils 111, 112, 
113, 114 are provided by way of example, they are not limited 
to four in number. 

It should be understood that the embodiments disclosed 
herein are illustrative and non-restrictive in any respect. The 
scope of the present invention is defined by the terms of the 
claims, rather than the description above, and is intended to 
include any modifications within the scope and meaning 
equivalent to the terms of the claims. 
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Industrial Applicability 
The present invention is applicable to coil units, contactless 

power transfer apparatuses, vehicles, and contactless power 
feeding systems. 
Reference Signs List 

100: vehicle: 101, 201: coil unit; 110: secondary resonant 
coil; 111,112,113,114, 241,242,243,244: smaller-diameter 
coil; 115, 245: larger-diameter coil; 115a, 115b, 115c, 115d. 
245a, 245b.arcuate portion: 116, 117, 118, 119, 246: cross 
over; 120, 350: secondary electromagnetic induction coil; 
121, 122, 123, 124, 231: bent portion: 130: rectifier; 140: 
converter, 150: power storage device; 170: motor; 200: power 
feeding device; 210: AC power supply; 220: high frequency 
power driver; 230, 320: primary electromagnetic induction 
coil; 240, 330: primary resonant coil; 310: high frequency 
power supply; 340: secondary resonant coil: 360: load: D0. 
D1, D2, D3, D4, D10, D11, D12, D13, D14: direction of 
current; L: distance: NF1, NF2: near field; O1, O2, O3: cen 
terline; UNFO, UNF1, UNF2, UNF3, UNF4, UNF10, 
UNF11: unit near field. 
The invention claimed is: 
1. A coil unit comprising a second self-resonant coil elec 

tromagnetically resonating with a spaced, first self-resonant 
coil to perform at least one of transmitting power to said first 
self-resonant coil and receiving power from said first self 
resonant coil, 

said second self-resonant coil including a first coil and a 
plurality of second coils provided inside said first coil, 

a direction of a magnetic field formed by said first coil 
being the same as a direction of magnetic fields formed 
by said second coils. 

2. The coil unit according to claim 1, wherein said second 
coils are mutually spaced. 

3. The coil unit according to claim 1, wherein said first coil 
and said second coils are provided as a single-turn coil. 

4. The coil unit according to claim 1, wherein said second 
self-resonant coil is formed of a single conducting wire. 

5. The coil unit according to claim 1, wherein said second 
coils are inscribed in an inner circumferential portion of said 
first coil. 

6. The coil unit according to claim 1, said second self 
resonant coil being formed annularly with a centerline serv 
ing as a center, the coil unit further comprising an electro 
magnetic induction coil spaced from said second self 
resonant coil along said centerline, wherein: 

said second self-resonant coil includes a crossover that 
connects said first coil and said second coil together, 

said crossover is bent to project toward said electromag 
netic induction coil and thus cross over a portion of said 
second self-resonant coil; and 

said electromagnetic induction coil includes a bent portion 
bent along said crossover to have a fixed distance to said 
second self-resonant coil. 

7. The coil unit according to claim 1, said second self 
resonant coil being formed annularly with a centerline serv 
ing as a center, the coil unit further comprising an electro 
magnetic induction coil spaced from said second self 
resonant coil along said centerline, wherein: 

said second self-resonant coil includes a crossover that 
connects said first coil and said second coil together, and 

said crossover is bent to project in a direction opposite to 
said electromagnetic induction coil and thus cross over a 
portion of said second self-resonant coil. 

8. The coil unit according to claim 1, said second self 
resonant coil being formed annularly with a centerline serv 
ing as a center, the coil unit further comprising an electro 
magnetic induction coil spaced from said second self 
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resonant coil along said centerline, wherein when said second 
self-resonant coil and said electromagnetic induction coil are 
seen along said centerline, said electromagnetic induction 
coil and said first coil overlap each other. 

9. A contactless power transfer apparatus comprising a coil 
unit according to claim 1. 

10. A vehicle comprising: 
a coil unit according to claim 1; and 
a power storage device to store power. 
11. A contactless power feeding system comprising: 
a first coil unit including a first self-resonant coil; and 
a second coil unit including a second self-resonant coil 

electromagnetically resonating with said first self-reso 
nant coil to perform at least one of transmitting power 
and receiving power, 

said first self-resonant coil including a first coil and a 
plurality of second coils provided inside said first coil, 

said second self-resonant coil including a third coil and a 
plurality of fourth coils provided inside said third coil, 

a direction of a magnetic field formed by said first coil 
being the same as a direction of magnetic fields formed 
by said second coils 

a direction of a magnetic field formed by said third coil 
being the same as a direction of magnetic fields formed 
by said fourth coils. 

k k k k k 

10 

15 

25 

14 


